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Lattices made of collagen and fibrobl as ts can be used as der-
mal equivalents to grow human keratinocytes in vitro. When 
these cultures are performed in a medium containing delipi-
dized serum, the lattice is eventually degraded by the grow-
ing epithelium. The digestion of the dermal equivalent is due 
to the secretion of a collagenase by the keratinocytes. This 
degradation does not occur in cultures containing total serum 
C ollagenascs are metalloproteinases able ro degrade specifica lly co llagen, a major macromolecule of con-nective tissue. In human skin. collagenases are mainly localized in the papillary dermis [1[. Skin col-lagcnascs might bc involved in rurn-ovcr of incersti-
rial co llagens of normal dermis and also during wound healing, as 
suggested by srudies in human and animals showing the presence of 
a collagenase activity in wound edge epithelium [2 - 4]. Dermal 
fibroblascs have been shown to be able to synthesize these enzymes 
[5]. However, it has recenrly been reporred that a co llagenoly tic 
activity was produced by culrured human keratinocytes after rrear-
m e llt with 12-0-tetra-dccanoylphorbo l- 13-acctatc (TPA) [6] and by 
rat mucosal keratinocytes grown on a col lagen film [7] . Moreover, a 
collagenolytic activity was evidenced in rhe mediulll conditioned by 
human skin explanrs grown on nonviable pig dermis [8]. Collagen-
olysis has also been observed in a skin equiva lent reconstructed in 
virro by seeding kerarinocytes on a fibroblast-collagen matrix [91. 
Because retinoic acid (RA) has been shown to reduce co llagenase 
production by fibroblasts [10, II] and monocyees [12], to repair der-
mal damage of UV-irradiared mouse skin [13], and [0 exert a thera-
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Abbreviations: 
DFCS: delipidized fecal calf serum 
OMSQ: dimethyl sulfoxidc 
EDT A: ethylcne diaminc tetraacetate 
MEM: Eagle's minimalcssential medium 
PBS: phosphate-buffcrcd sal ine 
M : retinoic acid 
SDS: sodium dodecy l sulfate 
TFCS: toca l feral calf serum 
T IMP: tissue inhibitor of mccalloprotcin:l.ses 
TPA: 12-0-tecradcc3noylphorbol- 13-acctare 
or supplemented with retinoic acid. We show in this paper 
that rctinoic acid inhibits the secretion of this keratinocyte 
collagenase in a dose-dependent manner. In the light of this 
result, the possible involvement of collagenase inhibition in 
the therapeutic effect of retinoic acid in skin disorders and 
skin aging must be considered.) Invest Dermatol 94:47-5 1, 
1990 
pelitic effect aga insr the wrinkles of aged human skin [14}, we 
examined rhe effect of this inhibitor of keratinocyte differentiation 
on collagenase activity in a human skin equivalent reconstituted in 
vitro. Our results show that keratinocytes produce a collagenase 
degrading rhe dermal compartmenr of the reconstructed sk.in and 
rhat RA represses this acrivity in a dose-depcndenr manner. 
MATERIALS AND METHODS 
Tissue Culture 
Cells: Adulr imcrfollicular epidermal kerarinocytes were isolared 
from normal human breast ski n collected during plastic surgery. 
grown in primary cell culture, and amplified according to the tech-
nique of Rheinwald and Green ll S] excepr that irradiarion of rhe 
feeder laycrof3T 3 fibroblasts was replaced by [reatmcnr with mira-
mycine C [161. GM to human embryonic skin 6broblasts were from 
the NIGMS human genetic mmanr cel l repository. Barh ce ll types 
were cul rured in Eagle'S minimal essential medium (MEM) supple-
mented with 10% total fetal calf serum (TFCS). 
Ski" Equivale"ts: Lanices conraining 2 X lOS GMtO fibroblasts 
were pre~ared according CO [he technique originally described by 
Bell et a1 11 71. Epidermal keratinocytes were seeded on the retracted 
dermal equivalent using stainless steel rings as previously described 
It S}. In some experiments, after conrraction of the collagen lattices, 
fibroblasts were killed by incubation of the latrices for 5 d in PBS 
without calcium and magnesium, as previously described [19], be-
fore seeding the keracinocytes (2 X 10" ce lls/cm2). In other experi-
ments, lattices were prepared by mixing collagen with 2 X 106 ker-
atinocytes instead of fibroblasts. Given these condirions, 
kcratinocytes were able [0 conrract collagen gels in a manner similar 
to fibroblasts. Latrices were maintained submerged for a week in 
MEM cul ture medium containing 10% TFCS to allow kerarino-
cyres to form a confluent monolayer. Lartices were then grown for 
another week at rhe air-liquid interface (on sta inless steel grids) to 
induce kera tinocyte srrarifica rion and differenriation 120.21]. At 
thac time the culrures were either refed with MEM containin& 10% 
TFCS or switched to MEM containing 10% delipidized (22J fetal 
calf serum (DFCS) and various concenrrarions of RA. RA stock 
solu tions were made in DMSO so that all [he dishes contained the 
same final concenrratiol1 of DMSO (0.1%). Control plates con-
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tained DMSO. One-half of the DFCS cultures were switched to 
serum-free MEM during the last 2 d of the culture. In all cases the 
tissue culture medium was changed every other day. 
Ct,llIIra ot! Plasric: GM 1 0 fibroblasts or keratinocytcs were seeded 
on tissue culture plastic dishes at a density of 2 X 10· cells/cm1 . 
These cultures were grown for 2 weeks in the same media as de-
scribed above for lattices and treated with RA according to the same 
schedule. 
Collagenase Assay Acid-soluble type I collagen purified from 
fetal or new-born calf skin was labeled by (lH).acetylation accord-
ing to Gisslow and McBride [23J, and was used as substrate at a 
concentration of 140 ,ug/m!. Specific radioactivity was 7 X lOS 
cpm/mg. One hundred microliters incubated with 1 JJg of trypsin 
released less than 20% of the radioactivity. 
Collagenase activity was measured in rhe culture medium of the 
ski n equ ivalent and the monolayer on plastic. collected at each 
change, and kept frozen at -20° until assayed. Medium·contailling 
serum was dialyzed against 3M KSCN to dissociate complexes be-
tween the enzyme and serum inhibitors {24] and then against 50 
mM Tris, 150 111M NaCI, 2 mM CaCl, pH 7.4 (,esr buffer) before 
activation. Activation of latent collagenase was performed by incu-
bating 100 til of medium with 10 I1g of trypsin for 10 min at 37°C 
followed by addition of a fivefold excess of soybean trypsin inhibi-
tor. Activated medium was incubated for 16 h at 25°C with 10,000 
cpm of (lH)-collagen. The enzymatic reaction was stopped by add-
ing 2 rnM EDTA and ethanol up to a final concentration of 18%. 
After 6 h at room temperature, the collagen precipitate was col-
lected by centrifugation and the radioactivity of the supernatant 
measured. Under these experimental conditions, morc than 95% of 
the cleaved fragments remained in the supernatant and the un-
cleaved substrate was totally precipitated. A blank consisting in a 
medium sample containing 2 rnM EDTA. and otherwise similarly 
treatcd. was subrracted from the values obtained with active me-
dium. Blank values never exceeded 10% of total radioactivity in the 
test. One unit of collagenase is defined as the amount of enzyme that 
degrades Il1g of collagen in 16 h at 25 °C. 
To measure (he activiry of collagenase during culture 011 dermal 
equivalent, collagen breakdown products were measured by the 
amount of hydroxyproline released into the medium using the 
chemical assay of Prockop [25]. To estimate the amount of colla-
genase hound to the collagen of the lattice under a latent form, 
lattices were incubated in 500.u1 of the test buffer at 37°C for 16 h in 
the presence of 10 p.g of trypsin. The released hydroxprolinc-con-
taining peptides were measured after hydrolysis in 6M HCI at 
138°C by the colorimctric assay of Bergman and Loxley [26J. In 
each case, EDTA-inacrivated samples were used as blanks and sub-
tracted from thc values obtained with the active samples. 
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Speci6city oftbe Collagenase Activity Aliquors of representa· 
tive samples of collagenase digestion products were analyzed after 
separation by SDS-polyacrylamide slab gel electrophoresis accord-
ing to L1cmmli [271. The separation gel consistcd of 7.5% acryla-
mide in the upper half gel and 12.5% acrylamide in the lower half 
gel. The gel was processed for fluorography and exposed to Royal 
OMa, Kodak film. 
RESULTS 
Degradation of Collagen Lattices by Human Keratinocytes 
Lattices made of collagen and fibroblasts arc excellent dermal equiv-
alents for growing human keratinocyres in vitro (18]. When such 
cultures arc maintained for 1 week submerged in thc culture me-
dium and then switched at the air-medium interface on a steel grid 
(sec klaterials Qlld Methods), rhe formation of a multilayered, differ-
entiated epithelium is completed after 1 week of emersioll [20,21]. 
Terminal epidermal differentiation is further enhanced if the serum 
supplement used for the cu lture is dclipidized [28J. However, we 
noticed that in cultures maintained in a medium containing delipi-
dized fetal calf serum (DFCS medium), a progressive digestion of 
the collagen lattice occurred. After I week of emcrsion, the lattices 
had become transparent so that the underlying grid became visible 
(sec Fig IA). The digestion of the lattices did not occur if they were 
nOt seeded with ketatinocytes; in this case, they kept their initial 
opaque appearance (Fig IB). However, the collagen was digested if 
the fibroblasts of rhe lattices seeded with keratinocytes were killed 
(Fig 1 C) or if lattices were made with keratinocytcs instead of fibro-
blasts (Fig ID). These results show that the cell type responsible for 
the collagen degradation is the keratinocyte. 
Collagen Lattices rue not Degraded in the Presence of Total 
Serum or When RA is Added to the Culture Medium When 
fibroblast-collagen lattices seeded with keratinocytes were grown in 
a mediunl containing total se rum instead of delipidi.z:ed serum 
(TFCS medium), the collagen was not degraded (compare Fig 2A, 
B). Because dc1ipidation removes RA, this experiment suggested 
that RA behaves as an inhibitor of rhe production of the collageno-
lytic activity. Actually, it was possible to inhibit the digestion of the 
lattices by adding RA to culcures grown in delipidized se rum. This 
effect was dose-dependent, [he inhibition being almost maximal at 
10- 9 M (Fig 3, top). Moreover, it was possible to draw a dose-re-
sponse curve by ploning the percentage of cleared lattice surface as a 
function of RA concentration (Fig 3, bottom). 
RA Inhibits tbe Secretion of the Keratinocyte Collagenase 
The collagenolytic activity described above was presumably due to 
the production of a collagenase by the keratinocytes. To check that 
very point, collagenase activity was assayed in media conditioned by 
Figure 1. Collagenolytic activity of human keratincx.ytes. A : Fibroblast~collagell lattice seeded with kc:rarinocytes; B: unsecdc:d fibrobbst.collagc:n 
lattice; C: fibroblast-collagen I;micc: containing killed fibroblasts seeded with kcratinocytes: D: keratinocyte.collagen lattice seeded with kctarinocyres. 
Culture 111 OFCS ror 7 d. 
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Figure 2. Inhibition of coll:.genolync activity by total fet;ll calf semm. 
Fibrobl2.St-<:ollagen lanices seeded wah ker.uinocytes and grown for 7 d on 
st:lInless sceel grid at the air-liquid Interface. A clear zone develops under the 
epidermal cell shect in cultures performed in OFCS (8) bur nOt in TFCS 
(A) . 
kcr.ainocyres and fibroblasts. Moreover, collagenase assays were 
necessary to quantify the inhibirory effect of RA more precisely. 
The nature and specificity ohhe putative keratinocyte collagen-
ase was determined by analyzing the cleavage products resulting 
from incubation of a labeled type-I collagen substrate with condi-
tioned media. These cleavage products. the N-terminal three-
quarter fragments (TC'\) and the C-terminal one-quarter fragments 
(TCB) arc similar for both fibroblasts and keratinocytes and are 
characteristic of a vertebrate collagenase activity (data not shown). 
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Table I. Average Daily Collagenase Activity" 
Plastlc 
TFCS 
DFCS 
OFCS+ RA 
DFCS/ SF 
DFCS/ SF+ RA 
Lamces 
TFCS 
OFCS 
DFCS + RA 
OFCS/SF 
DFCS/SF+ RA 
F 
16 
II 
II 
32 
32 
F 
16 
3 
2 
31 
22 
K 
19 
33 
24 
181 
52 
F+K 
38 
178 
38 
872 
92 
• Avenge (bdy coll:!.gcn~ activIty (m umts per 1()6 ~cdco cells) rele~d m Ihe 
cuhurc 100·JIUIIl b) tibrobl:lSl~ (F). and kt"f3cinocyccs (K) grown on pla~tic, by unsceoed 
fibrohlaSt collagen Lutlcc:s (F) and fibroblast5...collagen lattices §eedc:d with kerlltino-
cylCs (F + K) (s«MlltrfHlls lind Aft/hods). The cullUrc ml:'dl:l. COlUls(ed of MEM contlin· 
1118 cuher lOll.! fcul ulf scrum (TFCS) or deilplcill-c:d fc(al alf serum (DFCS). A plrl of 
thc DFCS cullures wcrc swuchrd 10 scrum·frcc medium for (he last 2 d of the culrore 
(DFCS/SF). Ollc·half of thl:' DFCS .mel DFCS/ SF cullures wcrc supplemented ""uh 
10 • M itA (RA) :1.5 dr-scribed In Mil/mail "nJ MrlhoXls 
These results show that, qualitatively, keratinocyre and fibroblast 
collagenases are simi lar. However. on a quantitative basis. keratino-
cytes differ significantly from fibroblasts because they produce 
much higher enzyme activities (see Table I) . 
Table I shows the results of assays of conditioned TFCS media, 
DFCS media, and DFCS media switched [0 se rum-free (DFCS/SF) 
media; this last condition was chosen ro increase collagenase activity 
by removing senlm inhibitors 1291. These media contained either a 
1 O~-M RA supplement, or no itA supplement. Collagen-fibroblast 
lattices released very limited amounts of collagenase, whatever the 
culture conditions~ this was also the case of fibroblasts cultured on 
plastic. Moreover, the production of rhis fibroblast collagenase did 
10-9 10-8 10 -6 
relinoic acid (M) 
Figure 3. Top: inhibition of collagcnolytic activity by retinoic acid. Fibroblast-collagen lattices scede~ w~th kcr.uinocytl:'s and grc:>wn for 7 d ~n DFCS 
mcdlum III absence of RA (0) and presence of 10- 10 M, 10-9 M, 10- 8 M, 10-6 M itA. Bolio,": quantitative measuremcnt of lattlce dcgradanon. The 
pcrcclHagc of cleared surface was determined on phocogr2phs by planimt:try. 
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not seem to be affected by ItA (see Table I).ln contrast. collagen-fi-
broblast lattices seeded with keratinocytes released large amounts of 
collagenase when grown in DFCS and DFCS/SF media. This was 
nO( dIe case in TFCS medium. Moreover, 10-6M RA added to 
DFCS or DFCS/ SF media also inhibited considerably the secretion 
of the enzyme. Keratinocytes grown on plastic released low 
amounts of collagenase except in DFCS/SF medium; in this latter 
case, RA also inhibited collagenase secretion. The above results thus 
confirmed that collagenase was mainly produced by keratinocytes 
and that RA inhibited this secretion. 
In order to estimate the amount of latent collagenase (trypsin-
activable, see Materials and Methods) bound to the lattices at the end 
of the experiment, these were incubated at 37°C aftcr treatment 
with trypsin, and enzymatic activity assayed by measuring the sub-
sequent degradation of the lattice collagen. No significant activity 
was detected in the case of unseeded collagen-fibroblast lattices. 
while 130 collagenase units were assayed in the case of lattices that 
had been seeded with keratinocytes. 
The degradation of the lattice that occurred during the whole 
culNre period was estimated by measuring the total amounr of 
collagen degradation products (see Materials and Methods) released 
intO the medium. In the case of unseeded fibroblast-collagen lattices 
25% of the initial quantity of collagen used to make the lattices had 
been degraded. while 53% was degraded in the case of lattices 
seeded with keratinocytes. 
To quantify the dose-response relationship of collagenase pro-
duction by RA, lattices seeded with keratinocytes were grown in 
DFCS medium supplemented with various RA concentrations. The 
dose-response curve obtained by assaying the enzymic activity of 
the conditioned media is shown in Fig 4 (the ICSO is comprised 
hecwcen to- tO and 10- 9 M). The correlation becween this dose-
response curve and the one obtained by visual measurement of the 
cleared lattice surface (see Fig 3) was excellent (correlation coeffi· 
cient ""'" 0.98), showing that the clearing of the lattices was the direct 
consequence of the collagenase activity and thus validating the vi-
sual observation method. The dose-response curve showing the 
amoullt of collagen remaining in the lattice and the release of colla-
gen degradation products in the medium is shown on Fig 5. With 
both typcs of measurements the dose-dependent effect of RA is 
apparent. 
Units 
-
-
300 -
200 -
100 -
- nn 
o 10.10 10.9 10.8 10" M RA 
Figure •. Inhibition of collagenase production by rcrtnoicacid. Amounts of 
rrypsin.acrivated collagenase (in units as defined in Materials atlJ Methods) 
present in the culture mediulll of fibroblast.collagen lattices seeded with 
ker3tinocytes in absence (0) and presence': of various concentrations of RA. 
5 
4 
3 
2 
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mg 
o 10-' · 10-' 10-8 10-6 M RA 
wl/agen in the medium D 
collagen in the lattICe _ 
Figure S. Inhibition of release of collagen breakdown products by r([inoic 
lcid. Total amount of collagen breakdown products (expressed in mg) re-
leased III the culture medium by fibrobl~t-coJlagen lattices seeded with 
keratmocytes and non-digested collagen remaining in the lattice (expressed 
in II1g) III lbsence (0) and presence of nrious concentrations of RA. 
DISCUSSION 
Human keratinocytes [6.81 and dermal fibroblasts [51 have been 
shown previously to be able to produce collagenase in vitro. By 
several features, including synthesis under a latent form , which can 
be activated by trypsin, inhibition by EDTA, sensitivity to serum 
inhibitors, and specific cleavage products, we found that the colla-
genase produced by keratinocytes was similar to that produced by 
dermal fibroblasts. 
Petersen ct al [61 reported the induction of a specific collagenase 
activity upon treatment with TPA of human keratinocytes grown 
on plastic. In our experiments keratinocytcs grown in the presence 
of dclipidizcd serum on collagen lattices. and to a lesser extent on 
plastic, also produced a coll:agenolytic activity. Moreover. we found 
that itA prevented this production of collagenase. These results 
suggest that a collagenolytic activity can be produced by keratino-
cy(cs. provided that epidermal differentiation is induced in the cul-
Nrc by removal of RA. This hypothesis is consistent with rhe facts 
thal serum delipidization (28) or treatment with TPA (30.3 1] pro-
mote epidermal differentiation. 
Our experiments do not tell whether the effect of RA on keratin-
ocyte collagenase activity is direct or indirect. For example, RA 
could decrease collagenase activity by increasing the production of 
TIMP, an inhibitor of mctalloprotcinascs (32,33]. On the other 
hand, it should be noted that the production of collagenase was 
particularly high in co-cultures of keratinocytcs and fibroblasts in 
lattices. It cannot be excluded that this more-than-additive response 
was a consequence of a stimulation of fibroblast collagenase produc-
fion hy a factor secreted by the keratinocytes, as, for example. inter-
leukin 1 or tumor necrosis factor, which are known to be potent 
stimulators of collagenase production [34,351. 
In vivo. increased or ectopic protease production within epi-
dermis may contribute to pathogenesis of several derma to logic dis-
eases. For instance, active protease production has been demon-
strated in psoriasis [36]; collagenase activity has been detected in the 
epidermis of patients suffering with epidermolysis bullosa dystro-
phica [371, and collagenase or procollagenase has been identified in 
conditioned media or extracts of cells isolated from healthy and 
inflamed connective tissues [38J. Moreover. most of these patho-
logic conditions are improved by treatment with retinoids [39,40]. 
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Other pathologic conditions, such as skin aging [41] and sun-in-
duced skin damage [141, are characterized by wrinkles. These de-
!ects arc due ro a loss of conr~ectiye tissue proteins resulting from an 
unbalance berween synthesIs and degradation. The inhibition of 
collagenase by RA could rh~s be involved in the_protection of der-
mal collagen and m.ay explain the therapeutic effect of rerinoids in 
skin aging [141. 
Note Added in Proof Afrer our work was submitted to this 
journal , Petersen et al (j Invest Dermatol92: 156-159, 1989) dem-
o.nsttated chat human. kerarinocytes grown on plastic in low-cal-
cIUm serum-free medIUm produce a collagenase identical [0 fibro-
blast collagenase. 
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